Abstract The objectives of augmentation of the nucleus pulposus following disc removal are to prevent disc height loss and the associated biomechanical and biochemical changes. Flowable materials may be injected via a small incision, allowing minimally invasive access to the disc space. Fluids can interdigitate with the irregular surgical defects and may even physically bond to the adjacent tissue. Injectable biomaterials allow for incorporation and uniform dispersion of cells and/or therapeutic agents. Injectable biomaterials have been developed that may act as a substitute for the disc nucleus pulposus. Our work has focused on the evaluation of a recombinant protein copolymer consisting of amino acid sequence blocks derived from silk and elastin structural proteins as an injectable biomaterial for augmentation of the nucleus pulposus. This implant, NuCore TM Injectable Nucleus is being developed by Spine Wave (Shelton, CT). The NuCore
TM
material is comprised of a solution of the protein polymer and a polyfunctional cross-linking agent. The material closely mimics the protein content, water content, pH and complex modulus of the natural nucleus pulposus. Extensive mechanical testing, biocompatibility and toxicology testing have been performed on the material. Characterization studies indicate that the NuCore TM Injectable Nucleus is able to restore the biomechanics of the disc following a microdiscectomy. Extensive biomaterial characterization shows the material to be non-toxic and biocompatible. The mechanical properties of the material mimic those of the natural nucleus pulposus. Thus NuCore TM Injectable Nucleus is suitable to replace the natural nucleus pulposus following a discectomy procedure. Human clinical evaluation is underway in a multi center clinical study on the use of the material as an adjunct to microdiscectomy. Further clinical studies of the use of NuCore TM Injectable Nucleus for treatment of early stage degenerative disc disease are planned in the near future. On-going efforts are characterizing the use of the material as a cell delivery vehicle for disc repair and reconstruction. Related development efforts are exploring methods for repair and regeneration of the cartilage endplate that are implemented to enhance the host-implant interface. Prior to the introduction of the above-mentioned biomaterial, our work proposes to utilize a process for the treatment of the vertebral endplates. The goal of this process is to restore the endplates as closely as possible to their natural state prior to disease or degeneration. The nature of the treatment will depend upon the form of the endplate degeneration and on the type of scaffolding that is intended to be introduced in the nuclear cavity. Endplate therapy is a potential means of enhancing biomaterial integration and cell survival, but remains a long-term and currently untested methodology.
Keywords Intervertebral disc repair AE Disc prosthesis AE Injectable biomaterial AE Vertebral endplate AE Minimally invasive surgery Introduction Discectomy is the most common spinal surgical treatment and typically performed in a relatively young patient population (25-40 years) and the impact of altered biomechanics and long-term sequelae in this young patient population may be significant [29, 40, 67] . Substantial disc height reduction following discectomy may occur and is evident soon following the discectomy procedure. Disc height loss has been found to be proportional to the amount of nucleus removed in an in vitro study [11] . Clinically, the operated disc spaces of patients post-operatively are significantly more narrow following discectomy than controls [26] . Scoville and Corkill [55] found a 50% incidence of narrowing following surgery at the 3 month follow-up. Tibrewal and Pearcy [57] found disc space narrowing evident within 3 months following surgery as compared to non-operated-controls.
Proper disc height is necessary to ensure proper functioning of the intervertebral disc and spinal column. Changes in disc height can have both local and global effects. On the local (or cellular) level decreased disc height and volume results in increased load on the remaining nucleus pulposus, which can lead to a decrease in cell matrix synthesis and an increase in cell necrosis and apoptosis. It has been shown in other cartilaginous tissues that increased static loading decreases matrix protein biosynthesis [13, 20, 46] . Animal models have shown that overloading of the intervertebral disc can initiate disc degeneration [32, 36] . In addition, increases in intradiscal pressure create an unfavorable environment for fluid transfer into the disc, which can cause a further decrease in disc height.
Decreased disc height also results in significant changes in the global mechanical stability of the spine, which may result in further degeneration of the spinal segment. With decreasing height of the disc, the facet joints bear increasing loads and may undergo hypertrophy and degeneration, which may act as a source of pain over time [27] . Decreased stiffness of the spinal column and increased range of motion resulting from loss of disc height can lead to further instability of the spine [49] . Excessive motion can manifest itself in abnormal muscle, ligament and tendon loading, which can ultimately be a source of back pain.
Radicular pain may result from a decrease in foraminal volume caused by decreased disc height. Specifically, as disc height decreases, the volume of the foraminal canal, through which the spinal nerve roots pass, decreases. This decrease may lead to spinal nerve impingement, with associated radiating pain and dysfunction. Finally, adjacent segment loading increases as the disc height decreases at a given level [44] . The discs that must bear additional loading are now susceptible to accelerated degeneration and compromise, which may eventually propagate along the destabilized spinal column. A further issue with microdiscectomy surgery is the occurrence of reherniation, which may lead to the need to reoperate. Atlas et al. [3] reported a reoperation rate of 25% at 10 year follow up in a study of patients with lumbar disc herniation, with the median time to reoperation 24 months. Carraggee et al. [18] reported an 11.5% reherniation rate, with 6.5% reoperation at 5 years.
Material and surgical objectives
The objectives of augmentation of the nucleus pulposus following disc removal are to prevent disc height loss and the associated biomechanical and biochemical changes resulting from reduced disc height and volume. The use of an injectable material for nucleus replacement gives the flexibility of allowing treatment of partial nucleotomies following microdiscectomy, as well as indications such as early stage degenerative disc disease (DDD), where more complete nucleus removal and replacement may be required. An injectable biomaterial is ideal for restoration of disc volume removed during discectomy and for preventing loss of disc height. Flowable materials may be injected via a small incision, allowing minimally invasive access to the disc space where appropriate. Fluids can interdigitate with the irregular surgical defects and may, depending on the material used, physically bond to the adjacent tissue. Injectable biomaterials allow for incorporation and uniform dispersion of cells and/or therapeutic agents. Growth factors, such as members of the BMP, TGF and IGF families, may be valuable in enhancing the repair process. Inhibitors of inflammatory cytokines (e.g., interleukins, tumor necrosis factors) and proteases (e.g., matrix metalloproteases) may act to retard matrix degradation and the potential effects of these cytokines on surrounding tissue and neural (especially nocciceptive) structures.
The primary considerations for injectable scaffolds for disc repair include mechanical strength and durability, promotion of tissue formation, biodegradability, biocompatibility, sterilizability, minimal setting time and temperature change, low viscosity for easy injection, as well as ease in accessing the disc space. The scaffold must exhibit the necessary mechanical properties as well as provide physical support. Due to the large number of loading cycles experienced in the spine, it is important that the scaffold be able to withstand significant physical loading. In addition, physical support should be provided by the injectable scaffold through restoration of disc height. Preferably, the scaffold would promote matrix formation while degrading over time. The biocompatibility of the material is also of great importance. Neither the initial material nor its degradation products should elicit an unresolved immune response, promote immunotoxicity, or express cytotoxicity. To minimize infections and related immune responses, the implanted material must be easily sterilized while retaining the original bioactivity and chemical composition.
Generally, the candidate biomaterials are injected as viscous fluids and then cured through methods such as thermosensitive crosslinking, pH-sensitive crosslinking, photopolymerization, or addition of a solidifying agent to form a gel-like substance. It is important to consider the amount of time it takes for the material to set. The setting time should be long enough to allow for accurate placement during the procedure yet be short enough so as to not prolong the length of the surgical procedure. If the material experiences a temperature change while hardening, the increase in temperature should be small. Heat generated during this process should not cause harm to surrounding tissue. The viscosity of the material should balance the need for the substance to remain at the site of its introduction into the disc and ability of the surgeon to manipulate its placement, with the need to assure complete filling of the intradiscal space or voids. Ease in accessing the disc space also needs to be considered. Polymers that cure through a photopolymerization procedure could pose a problem due to a limited ability to access the small cavities of the disc space with light needed to initiate cross-linking.
Injectable biomaterial options
Injectable biomaterials have been considered as an augment to a discectomy for over 40 years. As early as 1962, Alf Nachemson [42] suggested the injection of room temperature vulcanizing silicone into a degenerated disc using an ordinary syringe. In 1974, Schneider and Oyen [53, 54] studied the use of silicone elastomer in the intervertebral disc. Since then, injectable biomaterials or scaffolds have been developed that may act as a substitute for the disc nucleus pulposus, such as hyaluronic acid, fibrin glue, alginate, elastin-like polypeptides, collagen type I gel and others. A number of patents have been issued concerning various injectable biomaterials that may have utility for nucleus augmentation including: cross-linkable silk elastin copolymer [17, 25, 56] , polyurethane-filled balloons [4, 24] , aldehyde cross-linked bovine serum albumin [68] , collagen-PEG [52] ; chitosan [21] ; various injectable synthetic polymers [39] ; recombinant bioelastic materials [61] ; light-curable PEG polymers and other multicomponent precursor systems [30, 31] . Several groups are actively pursuing the development of an injectable biomaterial for use in the intervertebral disc.
Our efforts have focused on the evaluation of a recombinant protein copolymer consisting of amino acid sequence blocks derived from silk and elastin structural proteins as an injectable biomaterial for augmentation of the nucleus pulposus. These proteins have been well-characterized over more than a decade of intensive research and development. The material appears to have ideal characteristics for the augmentation of the nucleus pulposus following discectomy procedures. This implant, the NuCore TM Injectable Nucleus is being developed by Spine Wave (Shelton, CT, USA). Cappello et al. [15, 16] have reported on the development and characterization of structural protein polymers, especially those derived from the structural proteins silk and elastin. They have developed a technology for the production of synthetically designed protein polymers consisting of repeated blocks of amino acid sequence. Through a combination of biological and chemical methods, block polymers are produced using gene template directed synthesis. Using this method, the design and polymerization of a new polymer occurs once during the synthesis of the gene template. Through the construction of synthetic genes, it is possible to specify the sequence of protein blocks (the unit of repetition of a protein polymer) several hundred amino acids in length, many fold greater than the limit of sequence control of chemical synthesis.
Injectable disc nucleus
The protein polymer used in the NuCore TM material is a copolymer of silk and elastin, with two silk blocks and eight elastin blocks per polymer repeat. One of the elastin blocks is modified to provide for chemical crosslinking. The protein polymer is synthesized using recombinant DNA techniques via Escherichia coli strain K12, a nonpathogenic strain of bacterium and the workhorse of recombinant protein expression. Following batch fermentation, the cells are ruptured by homogenization and the protein polymer is purified from the lysate using precipitation and a series of filtration and adsorption purification steps. The identity and purity of the polymer is confirmed using amino acid composition, amino acid terminal sequencing, mass spectroscopy and other biochemical tests.
The material is comprised of a solution of the protein polymer and a polyfunctional cross-linking agent. The material is formulated to closely match the properties of the human nucleus pulposus as shown in Table 1 .
The
Testing of cadaver functional spinal units was done to determine how well the NuCore TM material restores stability and function to a spinal unit [37] . Anterior column units were tested in compression, first in the intact condition, then with annulotomy, then with a partial nucleotomy, and finally with NuCore TM material injected. Statistical analysis using repeated measures ANOVA and post hoc Tukey comparisons showed that the discectomy caused a significant loss of height during the test (P < 0.05). However, the NuCore TM material injection caused a restoration such that there was no significant difference between the displacement of the intact condition (1.28 mm) and the NuCore TM material treated condition (1.22 mm). Specimens were also tested in flexion/extension, right and left lateral bending, and right and left axial rotation [63] . Testing evaluated first the intact condition, then after a partial nucleotomy, and finally after NuCore TM material injection. Statistical analysis using repeated measures ANOVA and post hoc Tukey pairwise comparisons showed that in all degrees of freedom, the discectomy condition caused a destabilization of the unit (P < 0.05) whereas once the NuCore TM material was injected, in no cases were there significant differences between the intact or NuCore TM material conditions (P > 0.05). This analysis indicates the NuCore TM Injectable Nucleus restores function and stability to the spine after a destabilizing discectomy procedure.
To simulate dynamic loading over long periods of time, testing has been performed in a synthetic disc model. The annulus fibrosus of the disc was simulated with a molded silicone elastomer. This silicone annulus was injected with NuCore TM material, and the model was subjected to cyclic loading up to 10 million cycles with no failure of the NuCore TM material or test model. The sinusoidal applied load in axial compression had a maximum of 1,000 N and a minimum of 100 N, applied at a frequency of 3 Hz for 10 million cycles. In a separate test in axial torsion, with a compressive pre-load of 250 N, a torque of ± 2 Nm was applied using a sinusoidal waveform at a frequency of 3 Hz for 10 million cycles. This testing indicates the NuCore TM material to be fatigue resistant and durable, capable of withstanding in vivo loads for an extended period of time.
Testing of cadaver anterior column units was done to determine how well the NuCore TM material resists forces to cause extrusion from the IVD space. Segments were tested in axial compression in both a neutral posture and in hyperflexion. In all cases, there was no extrusion prior to bony failure and/or endplate failure. The average failure load of the spinal segments was 3,555 N in the neutral position, and 2,637 N in the hyperflexed position, well above physiologic levels. Results demonstrated that the NuCore material integrated extensively with the surrounding disc tissue and did not extrude during any of the testing. This is shown in Fig. 1 where the NuCore TM material is pigmented to aid visualization.
Extensive biocompatibility and toxicology testing following the ISO 10993 guidelines has been performed on the NuCore TM material. Acute tests include cytotoxicity, sensitization (guinea pig), intracutaneous reactivity (rabbit), systemic toxicity (mouse), pyrogenicity, muscle implant evaluation and genotoxicity testing. The material is non-cytotoxic, non irritating and non-toxic in all of these test evaluations. Chronic toxicity testing has been conducted in a rat model, with material placed subcutaneously and evaluated at time points to 1 year and beyond, with no toxicity seen. Neurofunctional testing in a rat showed no neurotoxicity of the material when placed adjacent to spinal nerve roots. 
Background to the concept
The intervertebral disc is the largest avascular structure in the body and the endplate serves as the main route for metabolites in and out of the disc nucleus [58, 59] . Its permeability to solutes depends upon the capillary bed and the presence of vascular contacts between marrow spaces of the vertebral body and the hyaline cartilage of the endplate [22, 23, 28, 47, 65] . Nutrients transported by the contact vessels are required for cellular metabolism and biosynthesis of extracellular matrix. Metabolic waste products (e.g., lactic acid) must be removed to prevent their accumulation within the disc [7] . Water can also diffuse through the endplates to maintain a proper intra-discal pressure, which ultimately results in an appropriate disc height for mechanical function [2, 48] . Poor supply of essential nutrients and build up of waste products are often cited as significant contributors to degeneration of the intervertebral disc [1, 12, 38, 60, 64, 65 ]. There appears to be a strong link between degeneration of the intervertebral disc and changes to the adjacent endplate. Nachemson et al. [43] found a correlation between impermeability of the endplate and disc degeneration. Degenerative changes in the disc appear to be preceded by histological evidence of endplate lesions and microfracture [8, 50, 62] . There is evidence of increasing calcification of endplate cartilage and occluded nutrient canals with increasing age [6, 19] . Signal intensity changes in vertebral marrow and endplate changes on MRI have been strongly associated with disc degeneration [35, 41] . Density of endplate openings has been found to significantly correlate with morphological degeneration grade [5] .
As discussed above, treatment of disc degeneration can proceed as outlined previously, i.e., a discectomy followed by the introduction of some form of scaffold into the intradiscal space. In some cases, the scaffold is a solid implant or spinal fusion that does not preserve any of the mechanical properties of the disc. However, where the scaffold is of the injectable biomaterial type that seeks to restore normal disc function, patency of the endplates is of critical concern. If the disc has sclerotic or thickened endplates, no restorative scaffold will work in its intended way because minimal fluid/ nutrient diffusion is permitted. In other words, if the foundation is deficient, the entire treatment of the disc will fall short of its goal.
Objective of EP treatment and proposed methodology Our current work in this area involves developing methods for endplate treatment that are implemented following removal of a portion of the nucleus pulposus. As discussed above, disc repair or regeneration may be achieved by the introduction of a biomaterial into the disc cavity that is capable of restoring disc height and substantially normal disc function. Prior to the introduction of the above-mentioned biomaterial, our work proposes to implement a process for the pretreatment of the vertebral endplates. The goal of this process is to restore the endplates as closely as possible to their natural state prior to disease or degeneration. The nature of the treatment will depend upon the form of the endplate degeneration and on the type of scaffolding that is intended to be introduced in the nuclear cavity.
One possible method involves the decalcification of sclerotic, thickened and impermeable vertebral endplates. Calcification of the articular cartilage of the endplates impedes fluid diffusion and may be addressed by injection of compounds capable of binding calcium. The decalcifying agent is maintained in contact with the endplates over a suitable incubation duration, after which the agent, along with the byproducts of its operation, can be flushed from the disc space. In addition, large proteoglycans, such as aggrecan, can also hinder the passage of certain solutes through the endplates. The removal of these proteoglycans via an appropriate enzyme, such as trypsin, can further enhance the permeability of the endplate. This treatment could accompany treatment for calcification.
Another focus area is enhancing the vascularity of the endplate region. An established network of blood vessels at the endplate is, of course, critical to nutrient transport and proper biological functioning of the disc. Chemical treatments are known that increase vascularity in tissues, such as cytokines and growth factors capable of inducing endothelial cell growth (e.g., VEGF, vascular endothelial growth factor). Growth factors and cytokines can become absorbed into the endplate cells and extracellular matrix so only a minimal incubation time may be necessary, and no flushing would be required after application of the treatment. Besides direct delivery of cytokines, known methods of gene therapy can be used to transfect resident cells (e.g., endothelial cells) on a transient basis to secrete the cytokine of interest [45, 66] . Since this cell growth stimulating material is intended to remain, this treatment can be reserved to the end of the endplate treatment process. Another area of application for endplate therapy involves methods to enhance the integration between the injectable biomaterial and surrounding tissues. Solid or injectable in situ curable biomaterials require that the prosthesis stay well fixed within the disc space. Anchorage and integration at the grafthost interface (i.e., between the prosthesis and the endplates) is essential to the long-term viability of the prosthesis. However, the cartilaginous endplates and the annulus fibrosus contain abundant large and small proteoglycans that may impede integration between the tissue and the prosthesis. For articular cartilage repair, researchers have proposed enzymatic digestion of cartilage adjacent to the graft site to denude it of proteoglycans and allow for interdigitation with the newly synthesized matrix components [9, 10, 51] . It has been found that a protease treated matrix has much less structured water and matrix, and is more easily infiltrated with newly synthesized matrix from repair tissue. Pre-treatment of affected endplates with trypsin, hyaluronidase or other enzymes may allow cartilaginous tissue buds to extend from adjacent tissue into a pre-treated graft to create an undulating, well-integrated surface at the grafttissue interface. It has been demonstrated that a sequential digestion of the cartilaginous matrix with hyaluronidase followed by trypsin effectively extracts proteoglycan without any significant disruption of the underlying collagen fiber network [14] . Endplate pretreatment may involve treatment with trypsin, or with the sequential application of hyaluronidase and trypsin, followed by a suitable incubation period. Once the incubation time has expired, the solution and its byproducts are flushed from the disc space and the cavity is well irrigated, such as with a saline solution. Other components of the extracellular matrix may also be targeted by appropriate materials, such as proteolytic enzymes. A proteolytic inhibitor may be necessary following incubation with the protease or enzyme.
Finally, cell migration into the injected scaffold may also be enhanced by vertebral endplate pretreatment. Tissue engineering involves the use of systems of cells, scaffolds and growth factors/cytokines to reconstruct and regenerate tissues and organs. Certain disc prostheses may be populated with cells from the patient's own natural disc prior to injection. Cells may also be harvested from other cartilaginous tissues of the body, such as the non-articulating areas of hyaline cartilage in the knee. Adult mesenchymal stem cells may be isolated and purified from bone marrow or adipose tissue. However, accessing, isolating and purifying cells in this manner can pose a host of problems. One way to avoid these technical challenges is by implanting an acellular scaffold. In this approach, cells are not actually placed in/on the scaffold, but instead resident cells are allowed to migrate into and populate the scaffold. It has been found that the trypsin pre-treatment of cartilage explants allows chondrocytes to proliferate and rapidly replenish matrix lost during the trypsin treatment [14] .
Summary and future directions
In conclusion, characterization studies indicate that the NuCore TM Injectable Nucleus is able to restore the biomechanics of the disc following a microdiscectomy. Extensive biomaterial characterization shows the material to be non-toxic and biocompatible. The mechanical properties of the material mimic those of the natural nucleus pulposus. Thus NuCore TM Injectable Nucleus is suitable to replace the natural nucleus pulposus following a discectomy procedure. Human clinical evaluation is underway in a multi center clinical study on the use of the material as an adjunct to microdiscectomy. Further clinical studies of the use of NuCore TM Injectable Nucleus for treatment of early stage degenerative disc disease are planned in the near future. On-going efforts are characterizing the use of the material as a cell delivery vehicle for disc repair and reconstruction. Finally, endplate therapy is a potential means of enhancing biomaterial integration and cell survival, but remains a long-term and currently untested methodology.
